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(57) A pulse width modulation technique regulates the output power of each cycle of a radio frequency 
surgical signal. The delivered power of the signal is determined by multiplying sensed current and voltage. 
An error signal is established by the difference between actual and desired output power. The error signal 
is utilized to modulate the width of each driving pulse which creates the cycles of the surgical signal. Limits 
on sensed voltage and current signals are established to limit the output characteristics of the surgical 
signal. A minimum current signal limits the maximum output voltage into relative high impedances. A 
minimum voltage signal limits the maximum output current into relatively low impedances. Very rapid 
response times and effective power regulation even into high impedance tissues are possible. Problems 
associated with open circuit flashing, alternate path burns and closed circuit shorting are substantially 
reduced. 
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SPECIFICATION 

Electrosurgical generator 

5 This invention pertains to an electrosurgical- 
generator having an improved output power 
regulation capability as a result of a closed 
loop feedback power control network utilizing 
pulse width modulation at the frequency of, 
10 and to control the energy content of, each 
cycle of the high-frequency surgical signal, 
among other improved features. 

By use of an electrosurgical generator in a 
surgical procedure, it is possible for the sur- 
1 5 geon to cut, to blend or cut with hemostasis, 
or to purely coagulate. The surgeon can 
quickly select and change the different modes 
of operation as the surgical procedure pro- 
gresses. In each mode of operation, it is im- 
20 portant to regulate the electrical power deliv- 
ered to the patient to achieve the desired sur- 
gical effect. Applying more power than is 
necessary will result in unnecessary tissue de- 
struction and prolong healing. Applying less 
25 than the desired amount of electrical power 
will usually inhibit the surgical procedure. Dif- 
ferent types of tissues will be encountered as 
the procedure progresses and each different 
tissue will usually require more or less power 
30 due to a change in inherent tissue impedance. 
Accordingly, all successful types of electrosur- 
gical generators employ some type of power 
regulation in order to control the electrosurgi- 
cal effects desired by the surgeon. 
35 Two types of power regulation are conven- 
tional in previous electrosurgical generators. 
The most common type controls the DC 
power supply of the generator. This type of 
power regulation limits the amount of power 
40 absorbed from the conventional AC power line 
to which the generator is connected. A feed- 
back control loop compares the actual power 
supplied by the power supply to a desired 
power setting in order to achieve regulation. 
45 Another type of power regulation in previous 
electrosurgical generators involves controlling 
the gain of the high-frequency or radio fre- 
quency amplifier. A feedback control loop 
compares the output power supplied from the 
50 RF amplifier to a desired power level, and the 
gain is adjusted accordingly. 

While both known types of power regula- 
tion have achieved moderate success, there 
nevertheless have been certain undesirable 
55 characteristics associated with each. One un- 
desirable characteristic involves the response 
time for regulation. The impedance of the dif- 
ferent tissues encountered during the surgical 
procedure can fluctuate substantially. In mov- 
60 ing from a high impedance tissue to a low 
impedance tissue, the low impedance tissue 
may be unnecessarily destroyed or damaged 
before the electrosurgical generator can reduce 
the output power to a level compatible with 
65 the low impedance tissue, similarly, when a 


high impedance tissue Is encountered, the out- 
put power from the generator may be mom- 
entarily insufficient to create or continue the 
precise surgical effect desired by the surgeon. 
70 precise execution of the surgical procedure be- 
comes difficult or impossible. 

Another problem of power regulation in pre- 
vious electrosurgical generators has resulted in 
large measure because such previous genera- 
75 tors have been designed to attain maximum 
power transfer to intermediate impedance 
ranges. As with any amplifier, an electrosurgi- 
cal generator will achieve maximum power 
transfer when its internal impedance is equal 
80 to the output load impedance to which the 
generator is connected. At high impedances, 
the power delivered inherently rolls off be- 
cause of the difference in load impedance 
compared to the internal impedance. To com- 
85 pensate, the surgeon increases the power set- 
ting to a higher level than necessary. As soon 
as the incision progresses through the high 
impedance tissue, the output power is too 
great and tissue destruction or undesirable 
90 surgical effects result. Making the initial inci- 
sion is an example. The skin includes a rela- 
tively large percentage of dead cells and cells 
which contain considerably less moisture than 
other cells in tissues beneath the skin, which 
95 increases its impedance compared to the im- 
pedance of the tissues below the skin. A 
higher power setting is therefore required for 
the initial incision. However, as soon as the 
incision is made, a reduced amount of power 
100 is all that is necessary. With typical previous 
electrosurgical generators, the initial incision 
was deeper than desired because the active 
electrode, i.e., the electrosurgical instrument, 
went deeper than the surgeon desired due to 
105 the excessive amount of power delivered. The 
surgeon usually desires to control the depth of 
the incision and conduct the surgical proce- 
dure in controlled depth levels. If the power 
regulation is not reliable, a deeper incision in 
110 certain areas may result in undesired bleeding 
or other undesirable surgical effects. It is for 
this reason that most surgeons generally pre- 
fer to make the initial incision using a conven- 
tional scalpel, rather than using the active 
1 15 electrode of an electrosurgical generator. 

Another power-regulation-related problem of 
previous electrosurgical generators is open cir- 
cuit flashing just prior to the commencement 
of the surgical procedure. Before the electro- 
120 surgical procedure commences, no output 

power is supplied due to the open circuit con- 
dition. The regulation circuitry attempts to 
compensate by creating maximum power de- 
livery situation. As soon as the active elec- 
125 trade is moved into operative distance from 
the tissue, an immediate flash or arcing is 
caused by the relatively high voltage which 
exists due to the maximum power delivery ca- 
pability created by the power regulation cir- 
130 cuitry. Although continual arcing is desired in 
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the coagulation (fulguration) mode of opera- 
tion, it is usually undesirable in the other 
modes of operation. The power regulation cir- 
cuitry eventually compensates for the exces- 
5 sive power and reduces it. Nonetheless, the 
initial arcing or flash usually causes excessive 
tissue destruction and other undesirable tissue 
effects. The flash and excessive tissue de- 
struction can occur anytime the surgeon 

10 moves the active electrode to the tissue. 

Open circuit or excessively high output im- 
pedance conditions also increase the risks of 
alternate path burns to the patient. Alternate 
path burns are burns created by current flow- 

1 5 ing from the patient to some surrounding 
grounded conductive object such as the surgi- 
cal table, rather than returning to the electro- 
surgical generator through the patient plate, 
i.e., the inactive electrode. Alternate path 

20 burns usually are caused by radio frequency 
leakage currents created by the high-frequency 
surgical signal flowing through stray capaci- 
tances between the patient and an adjacent 
grounded object. Reducing the output voltage 

25 under open circuit or high impedance condi- 
tions reduces the magnitude of and possibility 
for radio frequency leakage currents. 

Another power-regulation-related problem of 
previous electrosurgical generators relates to 

30 shorting the output terminals of the generator. 
Human nature being what it is, one usual, al- 
though not recommended, technique of quickly 
determining whether an electrosurgical genera- 
tor is operating is to simply short the two 

35 output electrodes and observe an electrical 
spark. A not unusual result of such shorting is 
the destruction of the power supply in the 
generator. The generator is forced to quickly 
attempt to regulate from a high power open 

40 circuit condition to a short circuit low impe- 
dance condition. Due to the limitations on re- 
gulating capability, the electrical power com- 
ponents of the power supply are usually over- 
driven and are quickly destroyed before com- 

45 pensation can occur. 

The present invention teaches an improved 
technique of regulating the output power of an 
electrosurgical generator which obtains a more 
rapid response time to obtain better and Con- 

50 stant power regulation even into relatively high 
and low impedance loads, and which limits 
the output current and voltage to avoid or 
reduce the problems of and risks associated 
with open circuit flashing, alternate path burns 

55 and short circuit destructive currents. 

In accordance with one of its major aspects, 
each cycle of a high-frequency surgical signal 
supplied by the electrosurgical generator is re- 
gulated in power content by modulating the 

60 width of driving pulses of energy. The driving 
pulses operatively create each cycle of the 
surgical signal. A closed loop feedback power 
control arrangement creates a delivered power 
signal representative of the power content of 

65 the surgical signal by sensing the current and 


voltage associated with the surgical signal. 
The width of each driving pulse of energy is 
modulated in accordance with a relationship of 
the delivered power signal relative to a se- 
70 lected desired output power signal to thereby 
regulate the power content of the surgical sig- 
nal to an amount substantially equivalent to 
the desired amount of output power. Since 
each cycle of the surgical signal is regulated in 
75 power content, very rapid power regulation re- 
sponse times are possible. At desired output 
power levels which are less than the full capa- 
city of the electrosurgical generator, power re- 
gulation and control is attained even into rela- 
80 tively high impedance tissues, unlike previous 
electrosurgical situations where power roll-off 
and lack of regulation typically occurred. 

In accordance with another improved as- 
pect, a voltage or a current limit signal is sub- 
85 stituted for the actual sensed voltage or cur- 
rent signal in order to, respectively, limit the 
maximum output current of the generator into 
relatively low impedances and limit the maxi- 
mum output voltage of the generator into rela- 
90 tively high impedances. Limiting the maximum 
output voltage into relatively high impedances 
attains the desirable effects of reducing or el- 
iminating flash and undesirable arcing, of 
achieving beneficial electrosurgical effects on 
95 the tissue, and of reducing the risk of alter- 
nate path burns. Limiting the maximum output 
current into relatively low impedances has the 
heneficial effect of preventing destructively 
high currents, even when short circuiting of 
100 the output terminals or electrosurgical elec- 
trodes of the generator. 

An embodiment of an electrosurgical gener- 
ator in accordance with the present invention 
will now be described, by way of example 
105 only, with reference to the accompanying dia- 
grammatic drawings in which: 

FIG. 1 is a block diagram of the electrosur- 
gical generator of the present invention; 

FIG. 2 is an expanded block and schematic 
110 diagram of certain portions of FIG. 1; 

FIG. 3 is an expanded block and schematic 
diagram of certain portions of FIG. 1; 

FIGS. 4A, 4B, 4C, 4D, 4B, 4F, 4G, 4H, 41, 
4J, 4K, 4L and 4M are waveform diagrams 
115 illustrating signals present at certain locations 
in the diagrams shown in FIGS. 1 and 3; 

FIG. 5 is a graph of output surgical signal 
power relative to output (tissue) impedance il- 
lustrating power regulation curves attained by 
120 the circuit arrangement illustrated in FIG. 2; 

FIG. 6 is a graph of output surgical signal 
power relative to output (tissue) impedance of 
the electrosurgical generator when modifica- 
tions to a portion of the circuit shown in FIG. 
125 2 are made; and 

FIG. 7 is a schematic diagram of a circuit 
intended to replace a portion of a circuit 
shown in FIG. 2. 

A preferred embodiment of the electrosurgi- 
130 cal generator of the present invention is 
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shown and referenced 10 in FIG. 1. A control 
panel 12 of the generator 10 includes the typ- 
ical switches and other control devices for 
controlling the mode of operation of the gen- 
5 erator 10 and the amount of power to be 
delivered in each mode. In addition, the con- 
trol panel 12 may include means for adjusting 
the blend or relative amounts of cutting and 
hemostasis which occurs during the cutting 

10 with hemostasis mode of operation. AC 

power is supplied to the generator 10 from a 
conventional AC power line 14. A controllable 
DC power supply 16 converts the AC power 
from the line 14 to a DC power level at 20. A 

15 power output control signal is supplied at 18 
from the control panel 1 2 to control and 
generally limit the DC power output at 20 
from the supply 16 according to the amount 
of power desired. The output power at 20 

20 from the supply 16 is applied to a conven- 
tional high frequency or radio frequency elec- 
trosurgical amplifier 22. The amplifier 22 con- 
verts the DC power at 20 into a periodic 
pulse width modulated signal at 24. A power 

25 transformer 26 receives the pulse width 
modulated signal at 24 and converts it to an 
alternating or AC pulse width modulated siqnal 
at 28. 

The alternating pulse width modulated signal 

30 at 28 is applied to a band pass filter 30 
which has a band pass characteristic only at 
the predetermined high or radio frequency of 
the surgical signal delivered by the generator. 
The surgical signal performs the surgical effect 

35 or procedure. The frequency of the surgical 
signal is sufficiently high to avoid stimulating 
nerves, for example five hundred kilohertz. 
The filter 30 eliminates any higher order har- 
monics created by the amplifier 22 or the 

40 transformer 26 to reduce the risk of alternate 
path (leakage capacitance) burns to the pa- 
tient. The filter 30 also inhibits the existence 
of circulating DC currents created by rectifica- 
tion effects of the tissue. The filter 30 con- 

45 verts the alternating signal at 28 to a sinusoi- 
dal waveform due to the effects from the pas- 
sive reactive elements of the filter. The high- 
frequency surgical signal is applied to conduc- 
tor 32, which is connected to the active elec- 

50 trode used by the surgeon. Conductor 34 is 
the reference potential conductor for the high- 
frequency surgical signal and it is connected 
to the patient plate or inactive electrode upon 
which the patient is positioned. When a bipo- 

55 lar electrosurgical instrument is used, both 
conductors 32 and 34 are connected to the 
instrument. Although not shown, output isola- 
tion capacitors can be placed in conductors 
32 and 34 to also inhibit the DC circulating 

60 currents. 

A current sensor 36 is connected in series 
in the conductor 32 for the purpose of deriv- 
ing an instantaneous current sense signal at 
38 which is related to the instantaneous mag- 

65 nitude of current flowing in the conductor 32. 


A voltage sensor 40 is electrically connected 
between the conductors 32 and 34 for the 
purpose of deriving an instantaneous voltage 
sense signal at 42 representative of the in- 
70 stantaneous voltage existing between the con- 
ductors 32 and 34. Accordingly, both the in- 
stantaneous output current , and voltage of the 
high-frequency surgical signal are sensed at a 
point in the generator 10 where the surgical 
75 signal is delivered. An accurate indication of 
the amount of instantaneous output current 
and voltage applied to the the tissue is 
thereby obtained. More exact sense signals 
are obtained as compared to some prior ar- 
80 rangements of sensing either current or vol- 
tage or both as they are applied to the input 
terminal to an amplifier or to the input termi- 
nal of an output transformer or the like. These 
prior arrangements suffer the substantial dis- 
85 advantages of failing to consider losses and 
inefficiencies inherent in elements such as the 
amplifiers and transformers. 

To achieve individual pulse and cycle energy 
regulation of the high-frequency surgical signal, 
90 the current and voltage sense signals at 38 
and 42 are applied to RMS to DC converters 
44 and 46, respectively. The converters 44 
and 46 convert the input sense signals to an 
RMS value represented by a DC output signal. 
95 Accordingly, the signal present at 48 is a DC 
signal which represents the RMS value of the 
actual output current of the surgical signal, 
and the signal present at 50 is a DC signal 
which represents the RMS value of the actual 
100 output voltage of the surgical signal applied to 
the patient. Converting the instantaneous cur- 
rent and voltage sense signals to RMS value 
gives a true and accurate representation of the 
amount of current and voltage actually deliv- 
105 ered in the surgical signal, unlike other prior 
techniques not involving RMS conversion. 

The RMS current-related signal at 48 is ap- 
plied to a current limit circuit 52, and the RMS 
voltage-related signal at 50 is applied to a 
110 voltage limit circuit 54. Minimum current limit 
and minimum voltage limit signals at 56 and 
58 are supplied to the limit circuits 52 and 
54, respectively, from a scaling circuit 60. 
The scaling circuit 60 is operatively controlled 
115 by a mode logic circuit 62 which supplies 
scaling control signals at 64 to the scaling 
circuit 60. The scaling circuit 60 is also opera- 
tively controlled by a selected power signal 
66 Supplied by the control panel 12. The 
120 mode logic circuit 62 is controlled by mode 
control signals applied at 65 from the control 
panel 12. The mode control signals at 65 op- 
eratively establish the mode of operation of 
the generator 10. The mode logic circuit 62 
125 also supplies a control signal at 67 to the 
power supply 1 6 to control the level of DC 
power at 20 in accordance with the mode of 
operation selected. 
The magnitude of the minimum current limit 
130 signal at 56 and the magnitude of the mini-, 
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mum voltage limit signal at 58 are established 
by the mode of operation of the generator 10, 
and in response to the magnitude of the se- 
lected power signal applied at 66. The mini- 
5 mum current limit signal at 56 represents a 
minimum amount of current which is consi- 
dered to be delivered into high impedances, 
and has the effect of limiting the maximum 
voltage of the surgical signal applied to high 

10 impedances. The minimum voltage limit signal 
at 58 represents that magnitude of output vol- 
tage which is considered to be delivered into 
low impedances, and has the effect of limiting 
the maximum current of the surgical signal 

15 into low impedances. 

The limit circuit 52 compares the minimum 
current limit signal at 56 with the signal at 48 
representative of the actual amount of current 
delivered in the surgical signal. So long as the 

20 RMS current-related signal at 48 exceeds the 
minimum current limit signal at 56, the current 
limit circuit 52 supplies a current delivered sig- 
nal at 68 which corresponds to the signal at 
48. Similarly, the voltage limit circuit 54 com- 

25 pares the minimum voltage limit signal at 58 
with the signal at 50 representative of the 
actual delivered voltage of the high-frequency 
surgical signal. So long as the RMS voltage- 
related signal at 50 exceeds the minimum vol- 

30 tage limit signal at 58, a voltage delivered 
signal is present at 70 which corresponds to 
the signal at 50. Should either the RMS cur- 
rent-related signal or the RMS voltage-related 
signal fall below the levels of the signals at 

35 conductors 56 and 58, respectively, the mini- 
mum current limit signal or the minimum vol- 
tage limit signal is clamped and supplied at 68 
or 70, respectively, as the current delivered 
signal or the voltage delivered signal. Accord- 

40 ingly, the current delivered signal at 68 is the 
greater one of either the RMS current-related 
signal at 48 or the minimum current limit sig- 
nal present at 56. similarly, the voltage deliv- 
ered signal at 70 is the greater of either the 

45 RMS voltage-related signal at 50 or the mini- 
mum voltage limit signal at 58. Limiting the 
current delivered signal at 68 to a value no 
less than that signal at 56 has the effect of 
holding the output voltage of the surgical sig- 

50 nal to a predetermined maximum level at high 
impedances. Limiting the voltage delivered sig- 
nal at 70 to the minimum amount established 
by the signal at 58 has the effect of limiting 
the output current of the surgical signal at low 

55 impedances to a preestablished and safe maxi- 
mum. 

A signal representative of the delivered 
power is created by a conventional analog 
multiplier 72, by multiplying the current deliv- 
60 ered signal at 68 and the voltage delivered 
signal at 70. The multiplier 62 supplies a de- 
livered power signal at 74. 

The scaling circuit 60 also supplies a signal 
at 76 representative of a desired output 
65 power level of the surgical signal. The scaling 


circuit 60 establishes the desired output 
power signal at 76 in accordance with the 
selected power signal at 66 from the control 
panel 12, and in accordance with scaling con- 
70 trol signals at 64 supplied by the mode logic 
circuit 62 according to the selected mode of 
operation. 

The desired output power signal at 76 and 
the delivered power signal at 74 are com- 

75 pared at a differential amplifier 78 and an er- 
ror signal is supplied at 80. The error signal 
at 80 represents the difference in magnitude 
between the delivered power and the desired 
power. A pulse width modulation circuit 82 

80 receives the error signal at 80 and utilizes the 
error signal to create a pulse width control 
signal at 84. 

An amplifier drive circuit 86 receives the 
pulse width control signal at 84 and creates a 

85 drive signal at 90. The drive signal is defined 
by a series of driving pulses delivered at a 
predetermined frequency to establish the pre- 
determined frequency of the surgical signal. 
The width or time duration of each driving 

90 pulse is controlled by the pulse width control 
signal at 84. The drive signal at 90 controls 
the operation of the amplifier 22. Each driving 
pulse establishes the width and hence energy 
content of each pulse of the pulse width 

95 modulated signal at 24. The width of each 
pulse of the pulse width modulated signal re- 
gulates the output power of each cycle of the 
surgical signal. Thus, this power is ultimately 
controlled by the pulse width control signal at 

100 84. 

A duty cycle generator 92 is controlled by a 
signal at 94 from the mode logic circuit 62. A 
duty cycle signal at 96 from the duty cycle 
generator 94 also controls the amplifier drive 

105 circuit 86. A duty cycle type of operation is 
typically established in the cut with hemosta- 
sis and the coagulation modes of operation of 
the generator 10. The duty cycle signal at 96 
causes the amplifier drive circuit 86 to control 

110 the delivery of pulses in the driving signal at 
90 in a periodic duty cycle fashion in accor- 
dance with the mode of operation. In the cut 
more of operation, the surgical signal is a con- 
tinuous sinusoidal wave and the duty cycle 

115 generator 92 is inoperative. A synchronization 
or oscillator signal is supplied at 98 by the 
amplifier drive circuit 86 to cause the pulse 
width modulation circuit 82 to synchronously 
respond at the same frequency as the fre- 

120 quency of the driving pulses of the drive sig- 
nal at 90. 

It is appreciated, therefore, that the pulse 
width control signal at 84 is derived by a 
comparison of the delivered power signal to 

125 the selected desired output power signal. Mi- 
nor fluctuations in the output level at 20 of 
the controllable DC power supply 16 become 
largely insignificant because the primary or re- 
fined power control is obtained by pulse width 

130 modulation. The number of components of the 
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main DC power supply can be reduced, as 
well as the cost of the power supply and the 
size and weight of the electrosurgical genera- 
tor. For example, the typical expensive, heavy 
5 and costly line transformer of the typical pre- 
vious electrosurgical generator power supply 
can be essentially eliminated and replaced by 
controllable phase angle switching devices for 
controlling the amount of power conducted 
10 from the AC line directly to the typical rectifi- 
ers and filter capacitors. A power supply of 
reduced cost, components, size and weight 
results, but it is still operatively sufficient to 
obtain a sufficient amount of coarse power 
15 regulation at the power supply 16 to allow the 
pulse width modulation technique to achieve 
final precise power regulation. 

Because of each of the driving pulses at the 
predetermined high frequency is width and en- 
20 ergy modulated, the power regulation re- 
sponse times are rapid. The surgeon can more 
accurately and precisely control the surgical 
procedure as it progresses, and many of the 
previous typically-occurring undesirable effects 
25 caused by tissue impedance changes can be 
substantially reduced or eliminated. 

Details of the RMS to DC converters 44 and 
46, the limit circuits 52 and 54, the multiplier 
72, the comparator 78, and the scaling circuit 
30 60 are shown in FIG. 2. 

The selected power signal at 66 is derived 
by adjustment of a conventional potentiometer 
(not shown) at the control panel 12 (FIG. 1). 
The selected power signal at 66 is a voltage 
35 signal which represents the desired level of 
power. The selected power signal is utilized to 
create the minimum current limit signal at 56 
which is applied to the limit circuit 52. The 
minimum current limit signal at 56 is created 
40 by applying the selected power signal at 66 
to an operational amplifier (op amp) referenced 
100. A conventional square root network 102 
is connected between the output terminal of 
the op amp 100 and its input terminal which 
45 receives the selected power signal at 66. The 
output signal from the op amp 100, present 
at 104, generally represents the square root 
of the selected power signal at 66. The 
square root of the selected power signal is 
50 desired because the minimum current limit sig- 
nal at 56 operatively acts to control and limit 
the output voltage of the surgical signal to a 
maximum constant level into high impedances. 
The output voltage of the surgical signal is 
55 related to the output power by a squared 
function for a given impedance or resistance 
load and thus the output power is related to 
the output voltage by a square root function. 
Accordingly, since the selected power signal 
60 at 66 represents power, its square root re- 
lates to an output voltage of the surgical sig- 
nal for a given impedance or resistance load. 
The signal at 104 is thus a non-linear (square 
root) function of the selected power signal at 
65 66. 


A scaling function is performed on the sig- 
nal at 104 by a conventional analog switch 
106 and a resistor-divider network. The scal- 
ing control signals from the mode logic circuit 
70 62 (FIG. 1) are supplied at 64 to selectively 
control a conventional analog switch 106 of 
the scaling circuit 60. The scaring control -Sig- 
nals comprise a plurality of individual signals, 
but for simplicity of description each is refer- 
75 enced at 64. Upon application of a scaling 
control signal at 64, one of the switches 
106 A or 106B is closed and a voltage divider 
network is established between one of the 
resistors 108 or 110 and the resistor 112. 
80 The one of the switches 106A or 106B which 
is closed depends on the mode of operation 
of the electrosurgical unit selected by the sur- 
geon. For simplicity of description, only two 
different scaling functions are obtained from 
85 the analog switch 106, although in reality a 
greater number will be provided in accordance 
with at least the three different modes of op- 
eration of the electrosurgical generator. The 
level of the limit signal is established by the 
90 resistor-divider network. 

The minimum current limit signal at 56, 
which limits the maximum output voltage of 
the surgical signal, is supplied to the positive 
input of a precision clamp 1 14 of the limit 
95 circuit 52. The RMS current-related signal at 
48 is supplied to the negative input of the 
clamp 114. So long as the RMS current-re- 
lated signal at 48 exceeds the minimum cur- 
rent limit signal at 56, the RMS current-related 

100 signal at 48 is present at 68 as the current 
delivered signal. However, should the RMS 
current-related signal at 48 fall below the mini- 
mum current limit signal at 56, the clamp 1 14 
supplies the minimum current limit signal at 68 

105 as the current delivered signal. Thus, even 
though the electrosurgical generator may actu- 
ally be supplying less than the predetermined 
minimum current in the surgical signal, the 
power regulation circuitry operates on the arti- 

110 ficial basis that the minimum current is sup- 
plied. The maximum output voltage of the sur- 
gical signal is limited accordingly. The effect is 
that the actual output power of the electrosur- 
gical generator rolls off or decreases into high 

1 1 5 impedances because the power regulation 

feedback circuit operates on the artificial basis 
of a constant output current delivery at high 
impedances, due to the introduction of the 
minimum current limit signal at 56 into the 

120 power calculation at the multiplier 72 instead 
of the RMS current-related signal at 48. 

Examples of the actual power roll-off in the 
surgical signal from the electrosurgical genera- 
tor at high impedances, by using a minimum 

125 current limit signal related to the square root 
of the selected power signal or level, are 
shown by the curves 5A, 5B, 5C and 5D in " 
FIG. 5. The four curves 5A, 5B, 5C and 5D 
represent selected power settings for the elec- 

130 trosurgical generator of one hundred percent. 
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seventy-five percent, fifty percent and twenty- 
five percent, respectively. The curve 5A there- 
fore represents the maximum power output 
capability of the electrosurgical generator. By 
5 deriving the minimum current limit signal from 
the square root of the selected power signal, 
as has been described and shown in FIG. 2, 
the roll-off in power regulation capability at 
any selected power level occurs at approxi- 
10 mately the same predetermined relatively high 
impedance designated ZH in FIG. 5 and occurs 
non-linearly generally like that inherent non-lin- 
ear power roll-off at maximum power delivery 
capacity. 

15 In many applications, it is desirable to avoid 
power roll-off at high impedances when the 
electrosurgical generator is operating at less 
than its maximum selected power capability. 
To avoid the roll-off in power shown in FIG. 5 

20 at the high impedances, when operating the 
generator at less than its maximum output 
power level, the current limit circuit 52 is 
eliminated and the minimum current limit signal 
at 56 is not created. Instead, the RMS cur- 

25 rent-related signal 48 is directly supplied as 
the current delivered signal at 68 to the multi- 
plier. Power regulation curves 6A, 6B, 6C and 
6D illustrated in FIG. 6 result. Curve 6A repre- 
sents the inherent maximum power delivery 

30 capacity of the generator and is essentially the 
same as curve 5A in FIG. 5. Curves 6B, 6C 
and 6D represent the power output at sev- 
enty-five percent, fifty percent and twenty-five 
percent of maximum capacity, respectively. At 

35 the less-than-maximum capacity, constant or 
regulated power is delivered into impedances 
greater than impedance ZH. Regulated power 
is delivered until the maximum delivery capa- 
city of the generator is reached, i.e., when 

40 curves 6B, 6C or 6D intersect curve 6A, at 
which point power roll-off occurs because the 
inherent maximum power generation capacity 
is reached. 

Attaining constant power regulation at high 

45 impedances at less than maximum selected 
power output levels is an important improve- 
ment in electrosurgery. It has been discovered 
that many beneficial effects occur as a result 
of constant power regulation as the tissue im- 

50 pedance increases or when relatively high im- 
pedance tissues are encountered during the 
electrosurgical procedure. A better surgical ef- 
fect can be created by the surgeon as a result 
of this constant power regulation. The pulse 

55 width modulation technique is more effective 
for power regulation into the higher load impe- 
dances than known prior power regulation 
techniques. 
In some other situations, it is desirable to 

60 retain the limit circuit 52 and generate a mini- 
mum current limit signal at 56, but modify the 
value and relationship of the minimum current 
limit signal to other signals and operative con- 
straints of the generator. For example, it may 

65 be desirable to limit the maximum output vol- 


tage of the surgical signal to prevent or re- 
duce flash and the risk of alternate path burns 
but still obtain constant power regulation into 
high impedance tissues. A circuit portion 

70 shown in FIG. 7 is an example of a circuit 
which will create a constant minimum limit 
signal at 56. With reference to FIG. 2, the op 
amp 100 and the square root network 102 
are eliminated, and the circuit portion shown 

75 in FIG. 7 is substituted. The signal at 104 is 
directly connected to a constant positive cir- 
cuit voltage. The resistive network established 
by the resistors 108, 110 and 112, and the 
selective closure of one of the switches 106 A 

80 or 106B establishes the minimum current limit 
signal at 56. An example of a circuit which 
creates a limit signal which varies linearly with 
respect to another variable signal is illustrated 
by the following description of the voltage 

85 limit circuit 54, with the understanding that 
the same principle can be applied in the cre- 
ation of minimum current limit signals. 

Various types of minimum current limit sig- 
nals at 56 have thus been described. A mini- 

90 mum current limit signal which varies in non- 
linear relationship (e.g., a square root relation- 
ship) to a variable signal (e.g., the selected 
power signal at 66) is derived from the circuit 
portion illustrated in FIG. 2. A constant mini- 

95 mum current signal regardless of power set- 
ting is derived from the circuit portion illus- 
trated in FIG. 7. A linearly changing minimum 
current limit signal is illustrated by the follow- 
ing description of the derivation of the mini- 

100 mum voltage limit signal at 58. From these 
examples, it is apparent that circuits for gener- 
ating minimum specially tailored current limit 
signals are possible. Such circuits could regu- 
late the power output capability at less than 

105 maximum power settings to accommodate 
particular types of surgical procedures, should 
it be discovered that particular types of surgi- 
cal procedures require specifically tailored 
power regulation curves at particular impe- 

110 dances. 

To obtain the desired output power signal 
at 76 as shown in FIG. 2, the selected power 
signal at 66 is scaled as a result of an analog 
switch 116 operatively controlled by the scal- 

115 ing control signals applied at 64, in accor- 
dance with the selected mode of operation. 
Closure of switch 1 1 6 A causes the full se- 
lected power signal to be applied to the op 
amp 118 which functions as a buffer. The 

120 desired power output signal at 76 is the same 
as the selected power signal at 66 under such 
circumstances. Closure of switch 1 1 6B estab- 
lishes a voltage divider network comprising re- 
sistors 120 and 122 to reduce the magnitude 

1 25 of the selected power signal at 66 and cause 
the desired power output signal at 76 to cor- 
respond to this reduced level. 

The minimum voltage limit signal at 58 is 
derived from the desired output power signal 

130 at 76. The desired output power signal at 76 
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is selectively switched into a voltage dividing 
network comprising resistors 124, 126 and 
128 by an analog switch 130 of the scaling 
circuit 60. The switches 130A and 130B are 
5 selectively controlled by the scaling control 
signals applied at 64. The minimum voltage 
limit signal at 58, which operatively controls 
the maximum output current of the surgical 
signal, is linearly related to the desired output 
10 power signal at 76 due to the effects of the 
voltage divider network, 

An op amp 132 functions as a precision 
clamp in the limit circuit 54. The minimum 
voltage limit signal at 58 is applied to the 
15 positive terminal of the op amp 132 and the 
RMS voltage-related signal at 50 is applied to 
the negative terminal. So long as the RMS 
voltage-related signal at 50 is greater than the 
minimum voltage limit signal at 58, the RMS 
20 voltage-related signal is supplied as the vol- 
tage delivered signal at 70. However, should 
the RMS voltage-related signal at 50 fall be- 
low the minimum voltage limit signal at 58, 
the minimum voltage limit signal is supplied as 
25 the voltage delivered signal at 70. 

By introducing the minimum voltage limit 
signal as an artificial substitute for the RMS 
voltage-related signal, the maximum output 
current of the surgical signal is limited to a 
30 maximum value even though the output impe- 
dance may actually be so low at a much lar- 
ger output current should actually flow from 
the electrosurgical generator. For any desired 
output power level, a minimum voltage level 
35 signal is established which linearly relates to 
that desired output power level. Because the 
minimum voltage limit signal at 58 establishes 
that constant maximum output current of the 
surgical signal which the electrosurgical gener- 
40 ator will deliver into low impedances the mini- 
mum voltage limit signal and the desired out- 
put power signal at 76 are linearly related. 
The output current will be limited to a predet- 
ermined maximum at all low impedances, re- 
45 gardless of power settings. This can be un- 
derstood by reference to the low impedance 
ranges of the graphs of FIGS. 5 and 6. The 
output surgical power increases approximately 
linearly as the impedance increases in the low 
50 impedance range (up to ZL) because of the 
constant maximum value which the current 
can attain at low impedances due to the intro- 
duction of the artificial minimum voltage limit 
signal at 58 related to the desired power out- 
55 put level. The limit on the maximum output 
current prevents internal destruction of circuit 
elements of the generator, among other ad- 
vantages. 

cr> c J he Current and volta 9 e delivered signals at 
W 68 and 70, respectively, are applied to the 
input terminals of a conventional multiplier 72 
as shown in FIG. 2. These signals are multi- 
plied together and the product signal is sup- 
plied as a delivered power signal at 74 to the 
55 positive input terminal of differential amplifier 


78. The desired output power signal at 76 is 
applied through an appropriate resistance net- 
work to the negative input terminal of the dif- 
ferential amplifier 78. The differential amplifier 
70 78 supplies an error signal at 80 which is 
related in magnitude and sign (positive or 
negative) to the difference between the deliv- 
ered power signal at 74 and the desired out- 
put power signal at 76. When there is a great 
75 disparity between the delivered and desired 
amounts of power, the magnitude of the error 
signal at 80 is great. When the delivered 
power is approximately equal to the desired 
power, the magnitude of the error signal at 80 
80 is very small or substantially nonexistent. The 
sign of the error signal at 80 establishes 
whether more or less power should be sup- 
plied to achieve regulation. 
The RMS to DC converters 44 and 46 are 
85 conventional items, as is the multiplier 72. 
RMS to DC converters which have proved 
satisfactory are number AD 536 AJH, manu- 
factured by Analog Devices of Two Techno- 
logy Way, P.O. Box 280, Norwood, Massa- 
90 chusetts, 02062, U.S.A. 

Details of the pulse width modulation circuit 
82, the amplifier drive circuit 86, the RF am- 
plifier 82 and the output transformer 26 are 
shown in FIG. 3. The error signal at 80 from 
95 the differential amplifier 78 (FIGS. 1 and 2) is 
applied to a conventional integrator defined by 
an op amp 134 and an integrating feedback 
network including the capacitor 136. The inte- 
grator has the effect of continually time inte- 
100 grating or averaging the error signal 80, as 
well as creating control loop stability. The out- 
put signal of the integrator at 138 is always a 
positive level trigger level signal. The sign of 
the error signal created by the differential am- 
105 plifier 78 (FIG. 2) is coordinated with the op- 
eration of the integrator to create this positive 
level trigger signal. When the error signal at 
80 is negative in sign, indicating a need for 
more power, the integration increases the 
110 magnitude of the trigger level signal at 138. 
When the error signal at 80 is positive in 
sign, indicating the need for less power, the 
integration decreases the magnitude of the 
trigger level signal at 138. When the error 
1 1 5 signal at 80 is zero or nonexistent, the magni- 
tude of the trigger level signal at 138 remains 
unchanged. 

The trigger level signal at 138 is presented 
to the base terminal of a transistor 140. Tran- 
120 sistor 142 and transistor 140 form a discrete 
component comparator. The other input signal 
to this discrete comparator is applied at 144 
to the base terminal of the transistor 142. 
This other input signal at 144 is that signal 
125 across capacitor 146. The transistor 148 and 
its associated biasing elements define a con- 
stant current source for charging the capacitor 
146 at a constant current rate. Accordingly, 
the voltage signal across capacitor 146 in- 
130 creases in a linear or ramp-like fashion and 
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thus creates a ramp signal at 144. A signal at 
1 50 from a conventional edge detector 1 52 
energizes the FBT 154 to discharge the capa- 
citor 146. Once discharged, the capacitor 146 
5 immediately commences charging again. 

The ramp signal at 144 across the capacitor 
146 is periodic in nature, because the edge 
signal at 150 is periodic, and the capacitor 
146 periodically discharges through the FBT 
10 154. The periodic edge signal at 150 is de- 
rived from the oscillator signal at 98 supplied 
from a conventional oscillator 156 which is a 
part of the amplifier drive circuit 86. The os- 
cillator signal at 98 establishes the frequency 
1 5 for the high or radio frequency surgical signal 
delivered to the patient by the electrosurgical 
generator. The oscillator signal at 98 is shown 
in FIG. 4A. The edge detector 152 responds 
to each positive going and negative 9oing 
20 edge of the oscillator signal and supplies a 
narrow pulse at each edge transition of the 
oscillator signal. The edge signal shown in 
FIG. 4D is thus a series of relatively narrow 
pulses, each occurring at an edge of the oscil- 
25 lator signal. Each pulse of the edge signal 
causes the FET 154 to rapidly discharge the 
capacitor 146. The constant current source 
established by the transistor 148 immediately 
commences charging the capacitor 146 and 
30 the voltage across the capacitor builds linearly 
to create the ramp signal at 144 shown in 
FIG. 4E. Thus, the ramp signal shown in FIG. 
4E takes on the characteristics of a sawtooth 
wave having a frequency established by the 
35 edge signal and which is approximately twice 
the frequency of the oscillator signal shown in 
FIG. 4A. 

The oscillator signal at 98 is presented to a 
flip-flop logic and gating circuit 160 and to the 
40 duty cycle generator 92, as shown in FIG. 3. 
The duty cycle generator 92 is under the con- 
trol of the mode logic circuit 62 (FIG. 1) by 
virtue of the signals at 94, and establishes the 
duty cycle signal at 96 to control the delivery 

45 of the high-frequency pulses in accordance 
with the selected mode of operation. The duty 
cycle signal at 96 is referenced to and coordi- 
nated with the oscillator signal at 98 to cause 
the on-time and off-time periods of the duty 

50 cycle envelope to begin with and end with the 
oscillator cycles. So long as the duty cycle 
generator 92 signals at 96 for the delivery of 
the high-frequency surgical signal, the logic 
and gating circuit supplies two periodic pulse 

55 phase signals at 162 and at 164 at the pre- 
determined high or radio frequency of the os- 
cillator signal at 98. The two pulse phase sig- 
nals are phase-shifted one hundred eighty de- 
grees with respect to one another. A pulse 

60 phase 1 signal is present at 162 and a pulse 
phase 2 signal is present at 164. The width 
of each pulse in both the pulse phase 1 and 
phase 2 signals represents the maximum 
width to which each driving pulse at 90 (FIGS. 

65 1 and 3) is allowed to expand to achieve 


power regulation. The pulse phase 1 signal 
and the pulse phase 2 signal are represented 
at FIGS. 4B and 4C, respectively. 
The technique for achieving pulse width mo- 
70 dulation by virtue of the trigger level signal at 
138 can now be described. Initially, the edge 
signal at 150 causes the FBT 154 to dis- 
charge the capacitor 146. Thereafter, the 
capacitor 146 commences charging and tran- 
75 sistor 142 begins conducting. Transistor 142 
continues to conduct as the voltage across 
capacitor 146 reaches a level equivalent to the 
level of the trigger level signal at 138. As 
soon as the volta9e across capacitor 146, 
80 i.e., the ramp signal at 144, increases slightly 
over the trigger level signal, transistor 140 
commences conducting and transistor 142 
stops conducting, because the voltage on the 
base terminal of transistor 142 has exceeded 
85 the voltage at the base terminal of transistor 
140. Once transistor 140 commences con- 
ducting a termination signal is present at 166 
across resistor 1 68 and at the base of tran- 
sistor 170. The termination signal at 166 is 
90 illustrated in FIG. 4G. 

The effects of the trigger level signal at 138 
in controlling the ramp signal at 144 due to 
the action of the discrete component compar- 
ator formed by transistors 140 and 142, is 
95 illustrated in FIG. 4F. As soon as the ramp 
signal increases to a level equivalent to the 
trigger level signal, the termination signal 
shown in FIG. 4G is delivered. The width of 
each pulse of the termination signal is that 
100 remaining time portion of each interval of the 
ramp signal (FIG. 4B) before discharge the 
capacitor 146 and the commencement of the 
next individual ramp of the ramp signal. The 
high portion of the termination signal at 1 66 
105 biases the transistor 170 into conduction. 

The pulse width control signal at 84 is cre- 
ated by the switching effects of transistor 
170. The signal level at 84 immediately drops 
when transistor 170 begins conducting due to 
110 the effects of the resistor 174. When transis- 
tor 1 70 is not conducting, the level of the 
signal at 84 is high. The pulse width control 
signal is illustrated in FIG. 4H. The pulse width 
control signal is the inversion of the termina- 
1 1 5 tion signal shown in FIG. 4G. 

The pulse width control signal at 172 is 
applied to one input terminal of both AND 
gates 176 and 178. The pulse phase signal at 
162 is applied to the other input terminal of 
120 the AND gate 176 and the pulse phase 2 
signal at 1 64 is applied to the other input 
terminal of another AND gate 178. AND gates 
176 and 178 supply high output signals at 
180 and 182, respectively, so long as both 
125 input signals are high. A pulse width modu- 
lated phase 1 signal is present at 1 80 upon 
the existence of the high level of the pulse 
phase 1 signal at 162 and the existence of 
high level of the pulse width control signal at 
130 84. The pulse width modulated phase 1 signal 
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at 180 goes to a low level when the pulse 
width control signal at 84 drops to a low 
level Accordingly, the time width of the pulse 
width modulated phase 1 signal is controlled 
° r modulated by the pulse width control at 
84. This is illustrated by considering that the 
signals shown in FIGS. 4B and 4H are both at 
high levels during the time that the pulse 
width modulated phase 1 signal shown in FIG. 
10 41 is delivered. As soon as the pulse width 
^control signal shown in FIG. 4H goes low, the 
pulse width modulated phase 1 signal also 
goes low. A similar situation exists with re- 
spect to the pulse width modulated phase 2 
15 signal at 182. The AND gate 178 gates the 
pulse phase 2 signal at 164 (FIG. 4C) with the 
pulse width control signal at 84 (FIG. 4H). The 
width of each pulse width modulated phase 2 
signal at 182 terminates when the pulse width 
20 control signal goes low. The pulse width 
modulated phase 2 signal is shown in FIG. 4J 
and is derived by considering FIGS. 4C and 
4H in the logical manner established by opera- 
tion of the AND gate 178. 
25 It should be noted that the edge signal at 
150 controls the FET 184 simultaneously with 
the FET 154. When the FET 184 is conduc- 
tive, the signal level at 166 drops approxi- 
mately to reference level and the conduction 
30 of transistor 170 terminates. Thus, conduction 
of the FET 184 assures that the pulse width 
control signal at 84 commences each pulse 
width determination period at a high level and 
also assures that transistor 142 is conducting 
35 at the beginning of each pulse width determi- 
nation period. 

As has been described, the error signal at 
80. and the trigger level signal at 138 opera- 
tively control the width of each pulse width 
40 modulated phase 1 and phase 2 signal at 180 
and 182, respectively. When the error signal 
at 80 is substantially large in a negative 
sense, indicating the need for great power, 
the ramp signal (FIG. 4E) present at 144 will 
45 not reach the relatively large magnitude of the 
trigger level signal, in contrast to that situation 
shown in FIG. 4F. Hence, substantially full 
width pulse width modulated phase 1 and 
phase 2 signals will be delivered at 180 and 
50 182 because the transistor 140 will not be- 
come conductive. The edge signal at 150 will 
cause, capacitor 146 to discharge before tran- 
sistor 140 ever becomes conductive. Since 
transistor 140 never becomes conductive, the 
55 pulse width control signal at 84 remains con- 
tinually high and the width of each pulse of 
the pulse width modulated phase 1 and phase 
2 signals at 180 and 182, respectively, is 
driven to the full width of the pulse phase 1 
60 and pulse phase 2 signals at 162 and 164, 
respectively. Accordingly. FIGS. 4B and 4C 
also respectively represent the full width pulse 
width modulated phase 1 and phase 2 signals 
present both at 180 and 182. As soon as 
65 power builds up and the error signal 80 de- 


creases to zero, the level of the trigger level 
signal attains desired power regulation be- 
cause the width of the pulses is established 
to secure the desired amount of power deliv- 

70 ery. If the electrosurgical generator is deliver- 
ing an excessive amount of power, the error 
signal at 80 becomes positive. The integration 
of the positive error signal reduces the magni- 
tude or level of the trigger level signal at 138, 

75 thus causing the pulse width control signal 
(FIG. 4H) to drop to a low level at an earlier 
point in each full phase time period. Accord- 
ingly, the width of each pulse width modu- 
lated phase 1 and phase 2 signal is reduced 
and tne amount of output power is thus re- 
duced. 

In addition to those functions of the flip-flop 
logic and gating circuit 160 previously de- 
scribed, the flip-flop logic and gating circuit 
85 also includes conventional gating circuit ele- 
ments (not shown) for assuring that pulse 
width modulated phase 1 signal at 180 is de- 
livered first, followed by a pulse width modu- 
lated phase 2 signal at 182. In addition, when 
90 the duty cycle generator 92 calls for the ter- 
mination of the surgical signal, the logic and 
gating circuit 160 assures that the on time of 
the duty cycle envelope terminates after a 
pulse width modulated phase 2 signal has 
95 been delivered. All of the functions of the flip- 
flop logic and gating circuit 160 can be 
achieved by the interconnection of binary logic 
elements, primarily flip-flops and gates. 
Each of the pulse width modulated phase 1 
100 and phase 2 signals at 180 and 182, respec- 
tively, is applied to its own phase drive cir- 
cuit. One phase drive circuit is illustrated at 
186. The phase drive circuits for both the 
pulse width modulated phase 1 and phase 2 
105 signals are the same as that single one illus- 
trated at 186. Accordingly, a description of 
the operation of the phase drive circuit 186 is 
made below with respect to a pulse width 
modulated phase signal P, although it should 
110 be understood that both the pulse width 

modulated phase 1 and phase 2 signals have 
the same effect on their respective phase 
drive circuits as the phase signal P has on the 
phase drive circuit 186. 
115 The phase signal P is applied at 188 to the 
phase drive circuit 186 and causes FET 190 
to become conductive. A transformer 192 in- 
cludes a center tapped primary winding and 
the coil 194 thereof is poled to induce a posi- 
120 tive signal at terminal 196 with respect to 
terminal 198 and a positive signal at terminal 
200 with respect to terminal 202. The termi- 
nals 1 96 and 200 are connected to FET's 
Q1A and Q1B of the RF amplifier 22. The 
125 positive signals at 196 and 200 turn on both 
FET's Q1A and Q1B and causes current to be 
conducted at 20 from the DC power supply 
16 (FIG. 1) through the primary winding of the 
power output transformer 26. Whenever the 
130 phase signal P terminates, a narrow reset 
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pulse P goes high at conductor 204. The re- 
set pulse signal P is created by the negative 
going edge of the phase signal P. FET 206 
becomes conductive and current is momentar- 
5 ily conducted in the reverse direction in the 
primary winding coil 208 of the transformer 
192. The narrow reverse pulse of current in 
the primary winding coil 208 resets the mag- 
netics or hysteresis characteristics of the core 

10 of the transformer 192 to ready it for conduc- 
tion during the next phase signal P. The vari- 
ous signals at terminals 196, 198, 200 and 
202 are illustrative of those comprising, col- 
lectively, the drive signal at 90. 

15 The other one of the two pulse width 

modulated phase signals ar 180 or 182 has a 
corresponding effect on its phase drive circuit 
and the FET's Q2A and Q2B are rendered 
conductive and nonconductive in the same 

20 manner as has been previously described. 
When FET Q2A and Q2B are conductive, the 
direction of current flow through the primary 
winding of the power output transformer 26 
reverses. Accordingly, an alternating current 

25 pulse width modulated signal at 28 is created 
by the drive signal applied to the amplifier 22. 
Examples of the alternating pulse width modu- 
lated signal at 24 are shown in FIGS. 4K and 
4L. 

30 The alternating pulse width modulated signal 
to the primary winding of the power output 
transformer 26 for full-width driving pulses of 
the drive signal at 90 is illustrated in FIG. 4K. 
In the waveform shown in FIG. 4K, it is to be 

35 noted that the full-width pulse width modu- 
lated phase 1 signal (e.g., FIG. 4B) creates the 
positive portion of the signal and the full-width 
pulse width modulated phase 2 signal (e.g., 
FIG. 4C) creates the negative portion of the 

40 transformer input signal. For less-than-full- 
width driving pulses of the drive signal, the 
waveform presented to the primary winding of 
the power output transformer is shown in FIG. 
4L. Again, the ptflse width modulated phase 1 

45 signal (FIG. 41) creates the positive Portion 
while the pulse width modulated phase 2 sig- 
nal (FIG. 4J) creates the negative portion. It is 
to be noted that the waveform shown in FIG. 
4L has the frequency characteristic exactly the 

50 same as the frequency characteristic of the 
oscillator signal (FIG. 4A). 

The amount of energy delivered by the AC 
pulse modulated signal at 28 from the power 
transformer 26 is defined generally by the 

55 area above and below the zero reference point 
of the waveforms shown in FIGS. 4K and 4L, 
although the AC pulse modulated signal at 28 
will not actually have the square pulse shapes 
shown due to the inductive effects of the filter 

60 30 which are reflected back to the primary 
winding of the transformer 26. This energy is 
presented at a periodic basis at the band pass 
frequency of the band pass filter 30 (FIG. 1). 
Accordingly, the band pass filter is driven at 

65 its band pass frequency to deliver the sinusoi- 


dal surgical signal shown in FIG. 4M at the 
predetermined high frequency. The passive re- 
active elements of the band pass filter 30 
change the AC pulse modulated signal at 28 
70 into sinusoidal oscillations. Each cycle of the 
sinusoidal surgical signal is created by and 
correspondingly results from one. cycle (a 
positive and negative pulse) of the pulse width 
modulated signal at 24, e.g., FIGS. 4K and 4L. 
75 The relationship and correspondence between 
the pulse width modulated signal at 24 and 
the sinusoidal surgical signal at 32 is illus- 
trated by comparing FIG. 4M to FIGS. 4K and 
4L. When a full-width pulse-width-modulated 
80 signal is received, such as that shown in FIG. 
4K, the amplitude of the sinusoidal surgical 
signal will be greater than when a less-than- 
full-width pulse-width-modulated signal, such 
as that shown in FIG. 4L, is supplied for the 
85 same impedance load. Thus, the power of the 
surgical signal present on conductor 32 is de- 
fined by the area or width of the pulse width 
modulated phase 1 and Phase 2 signals and 
the corresponding pulses of the drive signal 
90 which drive and control the switching of the 
amplifier 22. 

One of the advantages of regulating both 
the output of the DC power supply 1 6 by the 
control signal at 18, shown in FIG. 1, and by 
95 pulse width modulation as described herein is 
that the pulse width modulation obtains a bet- 
ter resolution (i.e., allows expansion to sub- 
stantially the major portion of the pulse width) 
for given power settings. In other words, the 
100 DC power supply 16 (FIG. 1) generally or 
coarsely regulates the amount of power and 
the pulse width modulation capability of the 
present invention achieves a finally regulated 
and rapid control over the amount of power 
105 actually delivered. The inherent maximum 
power delivery capacity of the power supply 
is limited by this approach, however, and rela- 
tively rapid power roll-off occurs at higher out- 
put impedances. 
110 The pulse width modulation power regula- 
tion technique described herein allows the en- 
ergy content of each cycle of the sinusoidal 
output wave applied to the patient to be en- 
ergy regulated. Very precise power regulation 
1 1 5 occurs. Very rapid response times are also 
possible to achieve greatly improved constant 
power regulation when the tissue impedance 
rapidly fluctuates. Superior and greatly im- 
proved surgical effects result. The constant 
120 power regulation available from the present in- 
vention even into relatively high impedance tis- 
sues is a substantial improvement in the field 
of electrosurgery. Limiting the maximum out- 
put voltage at high impedances in the manner 
125 described herein avoids or reduces the possi- 
bility for flash and undesirable arcing, as well 
as reducing the risk of alternate path burns to 
the patient. Limiting the maximum output cur- 
rent at low impedances to a predetermined 
130 maximum at any particular power setting avo- 
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ids the possibility of destruction to the elec- 
trosurgical generator as a result of short circu- 
iting the output electrodes or terminals. Num- 
erous other improvements and advantages of 
5 the present invention have been discussed 
above or will be apparent after full compre- 
hension of the present invention. 

CLAIMS 

10 1. An electrosurgical generator which sup- 
plies a predetermined high-frequency surgical 
signal to perform a surgical procedure and 
which regulates the power content of the sur- 
gical signal by modulating the width of driving 

15 pulses of energy which operatively create each 
cycle of the surgical signal, comprising: 

means receptive of driving pulses of energy 
and operative for creating each cycle of the 
periodic surgical signal primarily from the en- 

20 ergy content of at least one corresponding 
driving pulse, each cycle of the surgical signal 
having an energy content directly related to 
the energy content of each driving pulse creat- 
ing that cycle, the energy content of each 

25 driving pulse being related to the time width 
of each driving pulse; 

means responsive to the surgical signal and 
operative for creating a delivered power signal 
related to the power content of the surgical 

30 signal; 

means for establishing a desired output 
power signal related to a desired amount of 
output power for the surgical signal; and 
means connected to said means creating the 

35 periodic surgical signal and receptive of the 
delivered power signal and the desired output 
power signal and operative for modulating the 
width of each driving pulse in accordance with 
a relationship of the delivered power signal 

40 relative to the desired output power signal to 
regulate the power content of the surgical sig- 
nal to an amount substantially equivalent to 
the desired amount of output power. 
2. An electrosurgical generator as defined in 

45 claim 1 wherein: 

the delivered power signal is representative 
of the actual power content of the surgical 
signal actually delivered in the surgical proce- 
dure. 

50 3. An electrosurgical generator as defined in 
claim 2 wherein: 

said means creating the delivered power 
signal further includes means for sensing the 
actual current of the surgical signal and the 

55 actual voltage of the surgical signal and for 
creating the delivered power signal based on 
the sensed current and the sensed voltage of 
the surgical signal. 
4. An electrosurgical generator as defined in 

60 claim 3 wherein said means creating the deliv- 
ered power signal further comprises: 

means for sensing the actual current of the 
surgical signal and operative for creating a 
current sensed signal related to the current 

65 sensed; 


means for sensing the actual voltage of the 
surgical signal and operative for creating a vol- 
tage sensed signal related to the voltage 
sensed; 

70 means establishing at least one of a current 
limit signal or a voltage limit signal; and 

limit means receptive of the one limit signal 
established and the one of the current sensed 
signal or voltage sensed signal which has the 

75 same relationship in current or voltage as 
does the one limit signal received, said limit 
means operatively supplying the one limit sig- 
nal in place of the related sensed signal to be 
used in creating the delivered power signal. 

80 5. An electrosurgical generator as defined in 
claim wherein said means creating the deliv- 
ered power signal further comprises: 

means responsive to the surgical signal and 
operative for creating a current sensed signal 

85 related to the current of the surgical signal; 
means responsive to the surgical signal and 
operative for creating a voltage sensed signal 
related to the voltage of the surgical signal; 
and wherein: 

90 the delivered power signal is created from a 
multiplication of the current sensed signal and 
the voltage sensed signal. 

6. An electrosurgical generator as defined in 
claim 5 wherein said means creating the deliv- 

95 ered power signal further comprises: means 
establishing at least one of a current limit sig- 
nal or a voltage limit signal; and 

limit means receptive of the one limit signal 
established and the one of the current sensed 

100 signal or voltage sensed signal which has the 
same relationship to current or voltage as 
does the one limit signal received, said -limit 
means operatively supplying the one limit sig- 
nal in place of the related sensed signal to be 

105 used in creating the delivered power signal. 

7. An electrosurgical generator as defined in 
claim 4 or 6. wherein the one limit signal re- 
ceived by said limit means is of a constant 
value. 

1 10 8. An electrosurgical generator as defined in 
claim 4 or 6 wherein the one limit signal re- 
ceived by said limit means is linearly related 
to the desired output power signal. 

9. An electrosurgical generator as defined in 
1 1 5 claim 4 or 6 wherein the relationship between 

the one limit signal received by said limit 
means and the desired output power signal is 
non-linear. 

10. An electrosurgical generator ,s defined 
120 in any of claims 5 to 9 further comprising: 

means receptive of the current sensed signal 
and the voltage sensed signal and operative 
for substituting one of a current limit signal 
for the current sensed signal or a voltage limit 
125 signal for the voltage sensed signal in the 
multiplication resulting in the delivered power 
signal. 

1 1 . An electrosurgical generator which sup- 
plies a predetermined radio frequency surgical 

130 signal to perform a surgical procedure and 


which regulates the power content of the sur- 
gical signal by modulating the width of driving 
pulses of energy which operatively create each 
cycle of the surgical signal, comprising: 
5 means receptive of driving pulses of energy 
and operative for creating each cycle of the 
periodic surgical signal primarily from the en- 
ergy content of at least one corresponding 
driving pulse, each cycle of the surgical signal 

10 having an energy content directly related to 
the energy content of each driving pulse creat- 
ing that cycle, the energy content of each 
driving pulse being related to the width of 
each driving pulse; 

15 means responsive to the surgical signal and 
operative for creating a current delivered sig- 
nal related to the current of the surgical .sig- 
nal; 

means responsive to the surgical signal and 
20 operative for creating a voltage delivered sig- 
nal related to the voltage of the surgical sig- 
nal; 

multiplier means receptive of the current de- 
livered signal and the voltage delivered signal 

25 and operative for multiplying the current deliv- 
ered signal and the voltage delivered signal to 
create a delivered power signal related to the 
product of the current delivered signal and the 
voltage delivered signal; 

30 means for supplying a desired output power 
signal representative of a predetermined 
amount of power which the surgical signal is 
desired to contain; 
differential means receptive of the delivered 

35 power signal end the desired output power 
signal and operative for creating an error sig- 
nal representative of the difference of the de- 
livered power signal with respect to the de- 
sired output power signal; 

40 drive means for creating a drive signal de- 
fined by a periodic series of the driving pulses 
occurring at a predetermined frequency and 
time relationship with respect to each cycle of 
the radio frequency surgical signal; and 

45 modulation means connected to said drive 
means and receptive of the error signal and 
operative for modulating the width of each 
driving pulse in a predetermined relation to the 
error signal to establish a predetermined en- 

50 ergy content for each driving pulse and each 
cycle of the surgical signal to regulate the 
power content of the surgical signal to a level 
substantially equivalent to the power level 
represented by the desired output power sig- 

55 nal. 

12. A electrosurgical generator as defined in 
claim 1 1 wherein said modulation means fur- 
ther comprises: 

integrator means receptive of the error sig- 
60 nal and operative for integrating the error sig- 
nal over time and creating a trigger level sig- 
nal related to the integrated value of the error 
signal; 

means for creating a ramp signal having a 
65 periodic series of ramp waveforms occurring 
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at a predetermined frequency related to the 
frequency of the driving pulses; 

comparator means receptive of the ramp 
signal and the trigger level signal and opera- 

70 tive for creating a pulse width control signal 
having^ characteristic occurring periodically at 
the predetermined frequency of the ramp sig- 
nal, the pulse width control signal operatively 
controlling the width of each driving pulse. 

75 13. An electrosurgical generator as defined 
in claim 11 or 12 wherein said drive means 
further comprises: 

pulse phase means for creating a pulse 
phase signal having a periodic series of phase 

80 pulses occurring at the predetermined fre- 
quency of said driving pulses; and 

gating means receptive of the pulse phase 
signal and the pulse width control signal and 
operative for creating each driving pulse hav- 

85 ing a width in relation to the phase pulse sig- 
nal and the periodic characteristic of the pulse 
width control signal. 

14. An electrosurgical generator as defined 
in claim 13 wherein the width of each phase 

90 pulse defines the maximum possible width of 
each driving pulse. 

15. An electrosurgical generator as defined 
in claim 13 or 14 wherein: 

said gating means operatively initiates each 
95 driving pulse in relation to the occurrence of 
each phase pulse and operatively terminates 
each driving pulse in relation to the occurrence 
of the periodic characteristic of the pulse 
width control signal. 

100 16. An electrosurgical generator as defined 
in claim 13 or 14 wherein: 

said pulse phase means creates a pulse 
phase one signal and a pulse phase two signal 
which are phase shifted with respect to one 

105 another by one hundred eighty degrees, both 
the pulse phase one signal and the Pulse 
phase two signal having the characteristics of 
the aforesaid pulse phase signal; the predeter- 
mined frequency of the ramp waveforms of 

110 the ramp signal and of the periodic character- 
istic of the pulse width control signal are two 
times the frequency of the surgical signal; and 
said gating means is receptive of the pulse 
phase one signal and the pulse phase two 

1 1 5 signal and operatively creates, individual phase 
one driving pulses in relation to the phase one 
pulse signal and the periodic characteristic of 
the pulse width control signal and operatively 
creates individual phase two driving pulses in 

120 relation to the phase two pulse signal and the 
periodic characteristic of the pulse width con- 
trol signal, each phase one driving pulse and 
each phase two driving pulse having the char- 
acteristics of each aforesaid driving pulse, the 

125 phase one driving pulses and the phase two 
driving pulses defining the drive signal. 

17. An electrosurgical generator as defined 
in claim 16 wherein: 
said means receptive of the driving pulses 

130 and operative for creating each cycle of the 
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surgical signal operatively creates one half-cy- 
cle of each cycle of the surgical signal from a 
phase one driving pulse and operatively cre- 
ates the other half-cycle of each cycle of the 
5 surgical signal from a phase two driving pulse. 

18. An electrosurgical generator as defined 
in any one of claims 1 1 to 17 wherein: 

said means creating the current delivered 
signal operatively senses the actual current of 
10 the surgical signal to create a current sensed 
signal; and 

said means creating the voltage delivered 
signal operatively senses the actual voltage of 
the surgical signal to create a current sensed 
15 signal, end further comprising: 

means establishing at least one of a current 
limit signal or a voltage limit signal; and 

limit means receptive of the one limit signal 
established and the one of the current sensed 
20 signal or voltage sensed signal which has the 
same relationship in current or voltage as 
does the one limit signal received, said limit 
means operatively supplying the one limit sig- 
nal in place of the related sensed signal as the 
25 related delivered signal to be used in creating 
the delivered power signal. 

1 9. An electrosurgical generator as defined 
in claim 18 wherein the one limit signal re- 
ceived by said limit means is of a constant 

30 value. 

20. An electrosurgical generator as defined 
in claim 18 wherein the one limit signal re- 
ceived by said limit means is related to the 
desired output power signal. 

35 2 1 . An electrosurgical generator as defined 
in claim 18 wherein the one limit signal re- 
ceived by said limit means is non-linearly re- 
lated to the desired output power signal. 
22. A power generator for producing an os- 

40 cillating signal comprising pulse generating 
means for producing driving pulses, means for 
converting said driving pulses into the required 
said signal, and means for controlling the out- 
put power of each cycle of said signal com- 

45 prising moans for determining the error be- 
tween the actual power and the required 
power, and means for controlling the width of 
the pulses produced by the pulse generating 
means in response to the error. 

50 23. A generator substantially as herein de- 
scribed reference to the accompanying draw- 
ings. 
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